ABSTRACT
Heat-deposition and damage calculations are described for core-vessel inserts in the target area of the Spallation Neutron Source. Two separate designs for these inserts (or neutron beam tubes) were studied; a single-unit insert and a multi-unit insert. The single unit contains a neutron guide; the multi unit does not. Both units are constructed of stainless steel. For the single unit, separate studies were carried out with the guide composed of stainless steel, glass, and aluminum. Results are also reported for an aluminum window on the front of the insert, a layer of nickel on the guide, a cadmium shield surrounding the guide, and a stainless steel plug in the beam-tube opening. The locations of both inserts were the most forward positions to be occupied by each design respectively thus ensuring that the calculations are conservative.
INTRODUCTION
This report documents energy-deposition and damage studies carried out on two core-vessel inserts (CVI) at the Spallation Neutron Source (SNS). These CVIs are sometimes referred to as neutron beam tubes. The two CVIs are known as the single and the multi CVIs. The single one is the standard for single-instrument purposes. The multi unit can support two instrument channels. As distinct from the single unit, the multi unit has sides that slope such that the opening in the beam tube increases in the horizontal direction as one moves radially outwards from the moderator/target location.
The single CVI unit, as studied, contained a neutron guide which may be stainless steel, glass, or aluminum and on the inside of which is a thin film of nickel. For the purposes of the study, the single CVI was placed in beam tube position 9. This is a conservative choice in terms of energy deposition (i.e., the beam tube is in the forwardscattering position thus maximizing energy-deposition rates). In this position the unit is mostly irradiated by neutrons from the upstream moderator in the bottom position (below the target). The insert itself is 100 cm long and its leading edge is located 100 cm from the center of the moderator unit.
The multi unit was placed in position 8. This is one position less forward than position 9 but it is the most forward position that will be occupied by a unit with this design. Thus, it is again the most conservative location for this type of CVI. This unit is also 100 cm in length with its leading edge 100 cm from the center of the moderator. There is shielding material to the top and bottom of the inserts and this material extends in towards the moderators above and below the flightpath region). As a consequence of this shielding, calculations were performed so that energy-deposition and damage rates for the sides and the top and bottom were obtained separately. Figure 3 is a plan view that shows the single CVI, moderators, reflector, and shielding. Figure 3 is from a horizontal plane at the height of the center of the flight path and, therefore, it does not show the shielding that extends towards the moderator region. Volume averaged energy-deposition rates were calculated for segments of the beam tube that were 5 cm in length and for 10 cm segments farther out. Figures 4 though 7 show results from energy-deposition and damage calculations as a function of radial distance along this unit.
The studies reported here were carried out via Monte Carlo simulations using version 2.1.5 of MCNPX. 1 All calculations reported here were performed with metric units and results are reported in watts/cc. However, in order to make some comparisons easier, we report some measurements for the insert components in inches. On the outside, the single CVI is 7 in. wide and 9.25 in. high. The opening is 3.99 in. wide and 4.71 in. high. Moving out from the opening, there is a nickel layer, a stainless steel layer, a cadmium layer, and a gap with thicknesses of 0.005, 0.25, 0.02, and 0.0425 in., respectively. Outside of the gap is the stainless steel body of the unit. The nickel and the stainless steel to the inside of the gap form a neutron guide. The cadmium acts as a lowenergy neutron shield that is placed around the guide. We refer to these various components of the insert as the nickel layer, the stainless steel guide, the cadmium shield, the gap, and the stainless steel body of the insert. The guide may also be composed of glass or aluminum and we also report the results of calculations on a unit with a glass guide and with an aluminum guide.
The dimensions of the multi CVI are as follows: At the front (nearest to the target/moderator region), the outside of the unit is 9.25 in. top-to-bottom and it measures 9.82 in. from side-to-side. The top and bottom walls are 2.265 in. thick. The side walls are 1.0 in. thick. All top and bottom surfaces of the unit are horizontal so the opening is constant in the vertical direction. However, the sides of the unit form an angle of 2.4 degrees to the central axis such that the width of the opening increases with distance from the moderator region. 
THE SINGLE CORE-VESSEL INSERT
For the single CVI, energy-deposition calculations are reported for all components. Damage calculations are reported for stainless steel, glass, aluminum, and nickel. Flux (or fluence) values are also reported. Figure 4 is a plot of energy deposition in watts/cc along the single CVI. These data are for the sides of the unit, which for the insert body, receive more irradiation than the top and bottom parts of the unit (energy-deposition results for the sides and for the top and bottom are shown in Table 1 ). Figure 4 is for the case where the insert has a stainless steel guide with a thin layer of nickel on the inside of the guide. As indicated, there is a small gap between the guide and the main body of the insert. A thin layer of cadmium is located in this gap. Energydeposition rates are shown for each of these four components (nickel, stainless steel guide, cadmium, and stainless steel insert body). As would be expected, the heating of all components decreases in a consistent manner with distance from the moderator. Because these calculations are stochastic in nature, they have limited precision. The precision issue is obvious if one compares the curve for nickel with that for the stainless steel body of the insert. Because the nickel layer is quite thin, the nickel cells used for flux estimation are about a factor of 300 smaller than the corresponding stainless steel cells. Thus, the nickel cells see relatively fewer events for flux-determination purposes and, as a consequence, the stainless steel results define a much smoother curve. Figure 5 shows results for the same beam tube with the guide being glass rather than stainless steel. Energy deposition in the guide is noticeably lower when it is composed of glass. For the glass case, the nickel results remain the same to within the precision of the calculations, but, heating of the cadmium and the stainless steel body are slightly higher at locations farther removed from the front. This result might be expected; the cadmium and outer stainless steel are shielded less by the glass guide. When the opening in the insert is filled with a stainless steel plug, the resultant energy-deposition rates can be seen in Fig. 6 . Figure 6 shows the rate in the stainless steel plug itself but it also serves as a conservative estimate for the other stainless steel components of the insert with the plug in place.
ENERGY DEPOSITION
Energy-deposition values were also calculated for an aluminum guide. The results for the aluminum guide are not shown in Fig. 5 ; however, they are listed in Table 2 along with the results for a glass guide and a beam plug.
DAMAGE
Damage calculations were performed for the single CVI. Cross sections for these calculations were obtained from Ferguson.
2 Damage results are reported as displacements per atom (dpa) during one year of operation. This assumes a 2 mA beam of 1.0 GeV protons on the mercury target over a period of 5000 h. Figure 7 shows damage to the various components of the insert (these results are for the sides of all components). The curves for the body of the unit and for the stainless steel guide are for normal operating conditions, i.e., without the beam plug in place. The damage values for the glass and aluminum guides were obtained from a separate calculation. With a glass or aluminum guide in place the damage to the body of the insert should be slightly higher than for the stainless-steel guide case as one moves radially outwards. However, the damage at the leading edge of the body is the same in both instances. The damage values for the beam plug were obtained in another separate calculation. Damage values are reported numerically in Table 3 . Both the single CVI and the multi CVI (see below) contain hardened steel components. Energy-deposition and damage values for the hardened steel have been determined using a model of the multi unit. These values for the multi unit are conservative and they would also apply to the single unit.
FLUENCES IN SINGLE CORE-VESSEL INSERT
Neutron fluence values have been obtained for the single CVI unit and they are shown graphically in Figs. 8 and 9 . Figure 8 shows the results for neutrons above 1 keV and Fig. 9 is for neutrons above 1 MeV. These refer to the single unit with a stainless steel guide, an aluminum window, and, of course, no beam plug. Table 3 . Figure 10 is a plan view of the multi CVI located in beamline no. 8. The plane of the figure is through the vertical center of the unit and this is also the vertical center of the flightpath region. Again, some of the upper and lower parts of the insert body are shielded by material located above and below the flight path regions.
MULTI CORE-VESSEL INSERT
Because of the partial shielding of the upper and lower surfaces of this unit, and as was the case with the single insert, we treat the sides separately from the top and bottom surfaces. Since they are not shielded by parts of the inner reflector, the sides will suffer more irradiation than will the top and bottom as was found to be the case for the single unit. The previous plots for the single unit show only results for the sides, but the difference for the top and bottom can be seen in Table 1 in the column that gives results for the stainless steel of the insert body (the nickel, the guide, and the cadmium do not exhibit this difference because they are not partially shielded from the moderator region).
ENERGY DEPOSITION
The results to be presented for the multi unit give heating and damage along the top, the sides, and the bottom separately (unlike the single unit case, the top and bottom are not aggregated together). Keep in mind that the multi unit analyses did not consider a guide and, consequently, more plots pertaining to the unit itself can be presented in one figure. Figure 11 shows the results of energy-deposition (heating) estimates for the multi unit. As was the case with the single unit, the maximum heating occurs along the sides because the inner reflector does not shield them. However, note that the energy deposition is greater along the bottom than along the top of the unit. This is the result of neutrons and gamma rays being preferentially directed downward from the target region. If the calculations were performed for one of the inserts facing the upper moderators, one would expect its upper surface to experience more heating. The energy-deposition results for the multi unit are shown numerically in Table 5 . The results at the forward region of the side stainless steel in Table 5 should be compared with the results for the forward region at the side of the single unit (Table 1) . Comparing the third column in Table 1 (showing the energy deposition in the stainless steel guide which is open to the void) with the side stainless steel in Table 2 (column 3), one sees that the single unit results are slightly higher. This is probably reflecting the fact that the single unit is in the more forward position. Figure 12 shows results from damage calculations for the top, sides and bottom of the multi unit. Again, note that values are greatest for the sides and that the damage along the bottom is slightly greater than that along the top. The damage results for the multi unit are shown numerically in Table 6 .
DAMAGE

ALUMINUM WINDOW AND STAINLESS STEELS IN SHUTTER REGION
The multi unit will also contain an aluminum window. Energy-deposition and damage values for the single unit would also apply to the aluminum window in the multi unit. In fact, because the single unit is in a more forward location than is the multi unit (beamline 9 versus beamline 8), the aluminum window values will be conservative. In the shutter region for the multi unit, a stainless steel "nose" is located that forms the leading edge of a separator between the two experimental channels of the multi unit. To estimate energy-deposition and damage values in this region a stainless steel cylinder was located at the back of the unit. The axis of the cylinder was along the central axis of the unit. The cylinder had a radius of 2 cm and extends from 2 cm from behind the unit to 7 cm behind the unit. 
HARDENED STAINLESS STEEL COMPONENTS
There are some hardened stainless steel components in both CVIs. These are associated with alignment features. This particular steel may be AISI E 52100 Steel or AISI 4140 Steel. Both are neutronically the same. For calculational purposes, we assumed 97% iron, 1.5% chromium, 1.0% carbon, and 0.5% manganese. We assumed a density of 7.83 g/cc.
Numerical results for the multi CVI, for stainless steel in the shutter region, and for hardened stainless steel are listed in Tables 5 and 6 at the end of this report. The numerical results for the hardened steel have been determined using the MCNP model of the multi unit. The values quoted are conservative and are also indicative of the energy deposition and damage for the hardened steel in the case of the single unit. 
ACCURACY OF CALCULATIONS
In discussing the accuracy of these calculations, it is important to distinguish between the real accuracy associated with the calculated numbers and the precision (or uncertainty) associated with the Monte Carlo transport process. The latter depends on the number of histories that are run in a given simulation and on the resulting neutron and photon flux in the regions of the geometry that are of interest (it is also dependent on the proper use of any variance-reduction techniques that may have been employed). Fluxes are significantly greater in regions of the inserts that are nearest to the target/moderator region. In most cases we have tried to achieve a precision of about 5% where fluxes are highest and the precision may be around 20% to 30% in the parts of the insert body farthest from the target region. Probably the best qualitative indicator of precision can be obtained by observing the smoothness of the curves in the figures above.
In our opinion, the precision of these calculations is in all cases sufficient when one considers the accuracy of the cross sections that are the primary determinant of the overall accuracy or uncertainty. A reasonable estimate of the uncertainty associated with the energydeposition calculations is probably about 30%. This estimate follows from previous experience with energy-deposition calculations and how the calculated values varied when different crosssection sets were used. However, to be on the cautious side, a 50% uncertainty for energydeposition estimates is not unreasonable.
Damage estimates depend on one's ability to calculate displacements per atom (dpa). Different approaches yield displacement cross sections that can vary in some energy regions by a factor of a few or thereabouts. 3 Furthermore, some damage cross sections were available to just 20 MeV. (The aluminum damage cross section was available to 800 MeV.) The contribution above 20 MeV is, in most cases, quite small. This was true for stainless steel and glass (silicon damage cross sections were used). In our calculations, we chose the conservative approach of extrapolating the 20 MeV cross section as a constant to higher energies. However, in the case of nickel, the damage cross section was found to be increasing as it approached 20 MeV and different extrapolations above 20 MeV added about 20% to 40% to the damage values. We chose the most conservative extrapolation for the nickel calculations. Thus, without embarking on a comprehensive uncertainty analysis effort, we refer back to the differences in various approaches used in the calculation of displacement cross sections. In light of this, it seems that engineering prudence indicates that a factor of two in uncertainty (or safety margin) should be associated with the damage values that have been calculated.
